Purpose Thyroglobulin (Tg) may be released from damaged residual thyroid tissues after radioactive iodine (RAI) therapy in patients with differentiated thyroid carcinoma (DTC). We investigated whether altered levels of serum Tg after recombinant human thyrotropin (rhTSH)-aided RAI therapy could be a prognostic marker in patients with DTC. Methods We evaluated 68 patients who underwent RAI therapy after total thyroidectomy. Serum Tg levels were measured just before RAI administration (D0Tg) and 7 days after RAI therapy (D7Tg). Patients with a D0Tg level greater than 2.0 ng/mL were excluded to more precisely evaluate the injury effect of RAI in small remnant tissues. The ratioTg was defined as the D7Tg level divided by that on D0Tg. The therapeutic responses were classified as acceptable or non-acceptable. Finally, we investigated which clinicopathologic parameters were associated with therapeutic response. Results At the follow-up examination, an acceptable response was observed in 50 patients (73.5%). Univariate analysis revealed significant differences in N stage (P = 0.003) and ratioTg (acceptable vs. non-acceptable responses, 21.9 ± 33.6 vs. 3.8 ± 6.5; P = 0.006). In multivariate analysis, only ratioTg significantly predicted an acceptable response (odds ratio 1.104; 95% confidence interval 1.005-1.213; P = 0.040). A ratioTg above 3.5 predicted an acceptable response with a sensitivity of 66.0%, specificity of 83.3%, and accuracy of 70.6% (area under the curve = 0.718; P = 0.006). Conclusions Altered levels of serum Tg after RAI therapy, calculated as the ratioTg (D7Tg/D0Tg), significantly predicted an acceptable response in patients with DTC.
Introduction
Thyroglobulin (Tg) is a representative biomarker used to predict outcome in patients with differentiated thyroid carcinoma (DTC) who have undergone total thyroidectomy followed by radioactive iodine (RAI) therapy [1] [2] [3] [4] [5] [6] [7] [8] . High levels of stimulated Tg before RAI therapy aided by thyroid hormone withdrawal (THW) were reported to predict a poor prognosis [2] [3] [4] [5] .
In DTC patients who received RAI therapy prepared with recombinant human thyrotropin (rhTSH), stimulated Tg measured before or after RAI therapy (72 h after the final injection of rhTSH) could be also used as a prognostic marker [7, 8] . However, rhTSH-stimulated Tg levels before RAI therapy could be underestimated because 72 h after the second injection of rhTSH corresponds to peak serum Tg levels [9] . rhTSH-stimulated Tg levels checked 72 h after the second injection could be overestimated through the addition of Tg released from damaged residual thyroid tissues after RAIinduced cellular injury [10] [11] [12] [13] .
Several studies have suggested that altered levels of serum Tg after THW-aided RAI therapy could predict the prognosis of patients with DTC [1, 3, 5, 6] . Therefore, we investigated whether altered levels of serum Tg 7 days after rhTSH-aided RAI therapy had prognostic value in these patients.
Materials and Methods

Patient Selection
From January 2015 to October 2015, 202 patients with DTC who underwent total or near-total thyroidectomy and received a first RAI therapy prepared with rhTSH in our institution were initially included. Among these patients, those with uncertain T stage (n = 1), missing Tg measurements (n = 2), levels of serum anti-Tg antibody (TgAb) above 100 IU/mL (to exclude the effect on serum Tg, n = 4), insufficient followup (n = 51), and undetectable serum Tg (< 0.1 ng/mL) on admission day (n = 45) were excluded. There were no patients with distant metastasis. To precisely evaluate the injury effect in small remnant tissues after RAI therapy, we determined the cutoff value of rhTSH-stimulated Tg that corresponded to a THW-stimulated Tg level less than 10 ng/mL [14] . Therefore, patients with serum Tg level just before RAI administration above 2.0 ng/mL (n = 31) were excluded. Finally, 68 patients were enrolled in this study.
This retrospective study was performed in accordance with the ethical standards of the 1964 Declaration of Helsinki and its later amendments and ethical approval was obtained from the local ethics committee (CNUHH-2016-069). For this type of study, the need for informed consent was waived.
Radioactive Iodine Therapy
RAI therapy for all patients consisted of two consecutive daily doses of 0.9 mg rhTSH (Thyrogen, Genzyme Transgenics Corp., Cambridge, USA) administered by intramuscular injection prior to RAI therapy (Fig. 1) . The patients consumed a low-iodine diet for 2 weeks prior to RAI therapy. Twenty-four hours after the second injection of rhTSH, a therapeutic dose of RAI (3.70 GBq) was administered. A whole-body scan was performed 7 days after the oral ingestion of I-131.
Serum Thyroglobulin, Anti-Thyroglobulin Antibody, and TSH Measurement Serum Tg levels were checked just before RAI administration (D0) and 2 days (D2) and 7 days (D7) after RAI therapy (Fig.  1) . The levels were measured by immunoradiometric assay (IRMA) (RIA Tg-plus, BRAHMS GmbH, Hennigsdorf, Germany) with an analytical sensitivity (AS) and functional sensitivity (FS) of 0.08 and 0.2 ng/mL, respectively. Serum TgAb and TSH levels were also checked at the same time. Serum TgAbs levels were measured by radioimmunoassay (RIA anti-Tgn, BRAHMS GmbH, Hennigsdorf, Germany) with an AS of 5.5 U/mL and FS of 20 U/mL. Serum TSH levels were determined by IRMA (TSH-CTK-3, DiaSorin, Saluggia, Italy) with an AS and FS of 0.04 and 0.07 mU/L, respectively.
Follow-up Study
The first post-ablation follow-up examination was performed 6-24 months after RAI therapy. The follow-up protocol included serum Tg measurement (with or without TSH stimulation), neck ultrasound (US), and I-123 whole-body scan (WBS). In 43 patients, suppressed Tg with neck US was checked and 14 patients underwent stimulated Tg and I-123 WBS. The remaining patients (n = 11) underwent suppressed Tg with neck US and I-123 WBS with stimulated Tg.
The therapeutic responses were evaluated based on previous study and ATA guidelines mainly reflecting altered Tg levels [15, 16] , as follows. (1) Acceptable response: negative or non-specific imaging findings and either suppressed Tg level < 1 ng/mL or stimulated Tg level < 10 ng/mL; (2) nonacceptable response: persistent or newly identified disease on imaging study and suppressed Tg level ≥ 1 ng/mL or stimulated Tg level ≥ 10 ng/mL or increased TgAb values.
Data Analysis
The ratioTg was defined as the D7Tg level divided by the D0Tg level to correct for the injury effect of remnant thyroid tissues from RAI from the initial remnant volume. We investigated which factors, including patient age, patient sex, T Fig. 1 Study protocol. Serum thyroglobulin (Tg) levels were measured three times: just before radioactive iodine (RAI) therapy at admission day (D0Tg) and 2 days (D2Tg) and 7 days (D7Tg) after RAI therapy, respectively stage, N stage, tumor size, multiplicity, extrathyroidal extension, serum Tg, TgAb, TSH level, and ratioTg, were associated with therapeutic response. Tumors and lymph node metastases were classified using the staging system of the Union for International Cancer Control (UICC) and the seventh edition of the American Joint Committee on Cancer (AJCC) cancer staging manual. The differences in variables between the two groups were evaluated by Student's t tests and chi-square tests for continuous and categorical variables, respectively. Variables with P values less than 0.25 were further analyzed by multivariate logistic regression analysis using the stepwise backward method. The results are presented as means ± standard deviations and P values less than 0.05 were considered statistically significant. The analysis was performed using IBM SPSS for Windows®, version 21.0 (IBM Corp., Armonk, NY, USA).
Results
The patients' characteristics are summarized in Table 1 . The study population comprised more women than men (45 women [66.2%]; 23 men [33.8%]), and the patients were 23-79 years of age (mean 48.9) at the time of surgery. Most pathologic results were T1 (n = 36, 52.9%) or T3 (n = 27, 39.7%) stages and N1a (n = 48, 70.6%). The histological DTC subtype was papillary in all 68 cases (100%). At the time of RAI therapy (3.70 GBq), the D0Tg level ranged from 0.1 to 1.9 ng/mL (mean 0.7), while the D2Tg and D7Tg ranged from 0.1 to 8.2 ng/mL (mean 1.6) and from 0.1 to 67.3 ng/mL (mean 2.4), respectively.
At the follow-up examination, an acceptable response was observed in 50 (73.5%) patients, while 18 (26.5%) patients had a non-acceptable response. In univariate analysis, N stage (P = 0.003) and ratioTg (acceptable response vs. nonacceptable response, 21.9 ± 33.6 vs. 3.8 ± 6.5; P = 0.006) showed statistically significant differences, while tumor size (acceptable response vs. non-acceptable response, 1.2 ± 0.7 vs. 1.4 ± 0.6 cm; P = 0.202), D0Tg (acceptable response vs. non-acceptable response, 0.6 ± 0.4 vs. 0.9 ± 0.6 ng/mL; P = 0.063), and D7Tg (acceptable response vs. non-acceptable response, 10.5 ± 15.5 vs. 4.7 ± 12.5 ng/mL; P = 0.054) showed a statistical trend between the two groups ( Table 2) . In multivariate logistic regression analysis, the ratioTg (odds ratio [OR] 1.104; 95% confidence interval [CI] 1.005-1.213; P = 0.040) significantly predicted an acceptable response (Table 3) . However, N stage did not show statistical significance for response prediction after RAI therapy (OR 3.223; 95% CI 0.808-12.852; P = 0.097).
A receiver-operating characteristic (ROC) curve analysis showed that the optimal ratioTg cutoff value was 3.5, with a sensitivity of 66.0%, specificity of 83.3%, and accuracy of 70.6% for predicting an acceptable response (area under the curve (AUC) = 0.718; P = 0.006) (Fig. 2) . Among 36 patients with a ratioTg > 3.5, an acceptable response was observed in 33 patients (91.7%), whereas 15 of the 32 (46.9%) patients with ratioTg ≤ 3.5 showed a non-acceptable response. Serum thyroglobulin and TSH were measured just before (D0Tg, D0TSH), 2 days after (D2Tg, D2TSH), and 7 days after (D7Tg, D7TSH) radioactive iodine therapy
Discussion
Tg, a homodimeric glycoprotein of 660 kDa (TG 19S), functions as the highly specialized matrix for thyroid hormone biosynthesis as well as the storage of the inactive forms of the thyroid hormones and iodine [17] . In patients with DTC, the stimulated Tg level measured just before RAI therapy was shown to be a biochemical tumor marker that could predict persistent or recurrent disease after THW [2] [3] [4] [5] . Kim et al. [2] reported that serum Tg levels measured at the time of RAI therapy in low-risk patients with DTC were correlated with persistent or recurrent disease as well as serum Tg measured 6-12 months later prepared with THW. rhTSH represents a safe and effective means of increasing serum TSH levels in preparation for RAI therapy, avoiding the signs and symptoms of hypothyroidism associated with THW [18, 19] . I-131 is usually administered on the day after the second injection of rhTSH, according to the conventional schedule. Serum Tg levels should be measured 72 h after the final injection of rhTSH, which corresponds to peak serum Tg levels [9] . rhTSH-stimulated Tg has been studied as a prognostic marker in DTC patients [7, 8] . Park et al. [8] showed that these levels just before RAI therapy were an independent predictor of excellent response on follow-up (OR 2.012; 95% CI 1.384-2.925; P < 0.001), and the optimal cutoff for early Tg before RAI therapy was 2.0 ng/mL for predicting a nonexcellent response (sensitivity 46.2%, specificity 95.3%, positive predictive value 88.2%, negative predictive value 69.8%, 21.9 ± 33.6 3.8 ± 6.5 0.006* Serum thyroglobulin, anti-thyroglobulin antibody, and TSH were measured just before (D0Tg, D0TgAb, D0TSH), 2 days after (D2Tg, D2TgAb, D2TSH), and 7 days after (D7Tg, D7TgAb, D7TSH) radioactive iodine therapy *Statistically significant (P < 0.05) †Statistical trend (0.05 ≤ P ≤ 0.25) Fig. 2 Receiver operating characteristic (ROC) curve analysis of ratioTg (D7Tg/D0Tg) for the prediction of acceptable response after rhTSHaided radioactive iodine therapy. The optimal cutoff value of ratioTg was 3.5, with a sensitivity, specificity, positive predictive value, negative predictive value, and accuracy of 66.0, 83.3, 91.7, 46.9, and 70.6%, respectively area under the curve [AUC] 0.704; P < 0.001). However, serum Tg levels checked before RAI were not fully stimulated in patients aided by rhTSH. Melo et al. [7] demonstrated that serum Tg level measured 3 days after rhTSH-aided RAI therapy had a predictive value for disease persistence or recurrence 1 year later in 131 consecutive DTC patients. In this study, Tg levels ranged from 0 to 1927 ng/mL and were significantly lower in the disease-free group (17.9 ± 49.1 vs. 136.3 ± 341.0 ng/mL, P < 0.001), with an optimal Tg cutoff level of 7.2 ng/mL. However, serum Tg level measured 72 h after the second injection of rhTSH is not a reliable prognostic factor because elevated serum Tg level could be related to the release of stored Tg from thyroid follicles through radiation-induced cellular damage after RAI therapy. Serum Tg and thyroid hormone levels are elevated due to cellular damage after incidental external irradiation to the thyroid through increased cellular membrane permeability and apoptosis after radiation exposure [10] [11] [12] [13] . Several studies have reported that altered serum Tg levels after THW-aided RAI therapy could predict the prognosis of patients with DTC [1, 3, 5, 6] . Kim et al. [5] showed that a high ratioTg (Tg checked 3 days after RAI ablation/ stimulated Tg just before RAI therapy), as well as a low level of stimulated Tg just before RAI therapy, showed significant results for the prediction of ablation effects. Bernier et al. [3] showed that a lower or higher ratioTg (serum Tg sampled 5 days after RAI therapy/stimulated Tg just before RAI therapy) was independently associated with successful ablation. Therefore, precise parameters are necessary to overcome the limitations of Tg measurement.
Our study showed that the ratioTg, which consisted of released Tg (D7Tg) levels corrected according to early Tg (D0Tg) levels to reflect early remnant volume, was a significant predictor of an acceptable response in selected patients with D0Tg ≤ 2.0 ng/mL of RAI therapy prepared with rhTSH (OR 1.104; 95% CI 1.005-1.213; P = 0.040) ( Table 3 ). In particular, a ratioTg of 3.5 was a good predictor for an acceptable response (AUC = 0.718; P = 0.006). There are several reasons why we selected patients with D0Tg ≤ 2.0 ng/mL. The cutoff level of rhTSH-stimulated Tg differed significantly from that of THW-stimulated Tg. Kowalska et al. [14] reported that values rhTSH-stimulated Tg of 0.6 and 2.3 ng/mL corresponded to THW-stimulated Tg values of 2.0 and 10.0 ng/mL, respectively, indicating that rhTSH-stimulated Tg levels less than 2.0 ng/mL could have a wide range of Tg in THW-stimulated status. In previous studies, patients with stimulated serum Tg levels prepared with THW > 10 ng/mL [2, 4] and stimulated serum Tg level aided by rhTSH > 2 ng/ mL [8] had a poor prognosis. Therefore, we focused on patients with rhTSH-stimulated Tg levels corresponding to THW-stimulated Tg levels less than 10 ng/mL although rhTSH-stimulated Tg levels could not be directly compared with THW-stimulated Tg levels.
Our study has several limitations. First, this study was retrospective, so a selection bias was inevitable. Especially, it was difficult to apply RAI dose differently based on the risk stratification or pathologic features. Second, the follow-up protocols were not consistent for all patients. Some patients underwent I-123 WBS with stimulated Tg, and some underwent neck US with suppressed Tg. In order to reduce errors caused by different imaging test modalities, we tried to focus on changes in serum Tg levels after RAI therapy by adjusting for response assessment. Third, we did not perform long-term follow-up with ratioTg. Therefore, further studies are required to validate ratioTg as a prognostic marker for recurrence.
Conclusion
Tg elevation after RAI therapy, calculated as ratioTg, could significantly predict therapeutic response in DTC patients with relatively small remnant thyroid tissue. A higher ratioTg (> 3.5) had a favorable diagnostic accuracy for the prediction of an acceptable response. This parameter could be useful in DTC patients undergoing RAI therapy aided by rhTSH because rhTSH-stimulated Tg (both D0Tg and D2Tg) have limitations as prognostic markers compared to THWstimulated Tg. 
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